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Abstract: We demonstrate ultralow phase noise 10-GHz microwave signal generation from a free-
running mode-locked Er-fiber laser with -142 dBc/Hz and -157 dBc/Hz single-sideband absolute phase
noise at 10 kHz and 100 kHz offset frequency, respectively. The absolute rms timing jitter is 1.5 fs
when integrated from 1 kHz to 5 GHz (Nyquist frequency) offset frequency. In the 10 kHz - 10 MHz
integration bandwidth typically used for microwave generators, the rms integrated jitter is 0.49 fs. The
Er-fiber laser is operated in the stretched-pulse regime at close-to-zero dispersion to minimize the
phase noise of extracted microwaves. In order to suppress the excess phase noise in the optical-
to-electronic conversion process, we synchronize a low-noise voltage-controlled oscillator to the fiber
laser using a fiber Sagnac-loop-based optical-microwave phase detector.
Index Terms: Frequency combs, Fiber lasers, Mode-locked lasers, Ultrafast technology, Microwave
photonics signal processing
1. Introduction
Ultralow phase noise microwave and radio-frequency (RF) signal sources are important for var-
ious scientific and engineering applications. Some examples are driving accelerating cavities
in free-electron lasers (FELs) [1], ultrafast electron sources [2] and particle accelerators, high-
performance antennas and radars, photonic analog-to-digital converters [3], coherent communica-
tion, and high-speed, high-resolution signal analysis instrumentation, to name a few. With technical
advances over more than a decade, commercially available sapphire-loaded cavity oscillators [4]
and optoelectronic oscillators [5] can now generate extremely low phase noise microwave signals
with ∼ -160 dBc/Hz level phase noise at 10 kHz offset frequency. Recently, optical frequency comb-
based generation of ultralow phase noise microwave signals has attracted great interest. Many
of them are based on the frequency division of the optical stability of ultrastable cavity-stabilized
continuous-wave (CW) lasers via optical frequency combs (i.e., femtosecond mode-locked lasers)
[6], [7]. Although the optical frequency division can achieve microwave generation with extremely
high phase stability and low phase noise, the installation and maintenance of ultrastable cavity-
stabilized laser systems are technically difficult, and currently only a few advanced laboratories
can fully utilize them. In addition, their usability outside well-controlled laboratory environment may
be limited.
In fact, we have recently demonstrated that the high-frequency (e.g., >1 kHz offset frequency)
timing jitter from free-running femtosecond mode-locked Er-fiber and Yb-fiber lasers can be en-
gineered to be extremely low, well below 1 fs range [8], [9]. For many high-performance sig-
nal processing and communication applications such as sampling clocks for analog-to-digital
converters or master oscillators for signal source analyzers, the fast fluctuations in microwave
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phase and accumulated timing jitter impact the system performance most critically. Therefore, for
applications that require ultralow short-term (e.g., <1 ms time scale or >1 kHz offset frequency)
phase noise/timing jitter microwave signals, one may generate microwaves from a simple free-
running mode-locked fiber laser generating optical pulse trains with ultralow intrinsic timing jitter.
However, it has not been demonstrated that this sub-fs jitter level in the optical domain can be
transferred to the equivalent phase noise in the microwave/RF domain. The achievable phase
noise was limited by both the timing jitter performance of mode-locked laser itself and the excess
phase noise in the optical-to-electronic conversion process.
In this paper, we investigate the achievable absolute phase noise of microwave signals gen-
erated from free-running mode-locked Er-fiber lasers. We synthesize 10-GHz microwave signals
from 78-MHz free-running mode-locked Er-fiber lasers with -142 dBc/Hz and -157 dBc/Hz absolute
single-sideband (SSB) phase noise at 10 kHz and 100 kHz offset frequency, respectively. The cor-
responding absolute rms timing jitter is 1.5 fs integrated from 1 kHz to 5 GHz (Nyquist frequency)
offset frequency. Note that, in the typically used 10 kHz to 10 MHz integration bandwidth for
microwave analog signal generators [10], the timing jitter is only 0.49 fs (rms). In order to mitigate
the shot-noise-limited high-frequency phase noise floor in the optical-to-electronic conversion
process (typically limited around -140 dBc/Hz level), we synchronize a low-noise voltage-controlled
oscillator (VCO) to the mode-locked fiber laser using our recently demonstrated Fiber Loop-based
Optical-Microwave Phase Detector (FLOM-PD) [11]. Note that in ref. [11], it presented the method
of synchronization (FLOM-PD) between a mode-locked laser and a microwave oscillator and
showed that sub-femtosecond-level residual jitter and drift is possible when locking bandwidth
is sufficient, regardless of the intrinsic phase noise of the sources in the bandwidth. In this
paper, beyond having low residual noise in synchronization, we show that ultralow absolute phase
noise is achievable in the microwave domain by combining the subfemtosecond-jitter mode-
locked fiber laser and the FLOM-PD-based synchronization method. The demonstrated result
shows that microwave/RF signals with sub-femtosecond-level absolute jitter are readily achievable
from free-running mode-locked fiber lasers and commercially available VCOs, which enable more
widespread use in various places, such as small-scale laboratories, large-scale scientific facilities
(e.g., FELs and phased-array antennas), defense/radar systems and telecommunication stations,
that require ultralow phase noise microwave/RF signals and/or optical pulse trains directly from
relatively low-cost, compact and robust signal generators.
2. Operation Principles
Figure 1 shows the schematic for generating ultralow phase noise microwave signals from mode-
locked fiber lasers. Due to the compatibility with standard low-cost, telecommunication-grade fiber
components at 1550 nm, we use an Er-fiber laser as an optical master oscillator. In order to
minimize the timing jitter of optical pulse trains from mode-locked fiber lasers, we operate the
stretched-pulse Er-fiber lasers at the close-to-zero intra-cavity dispersion. This condition was
theoretically predicted to have a minimal timing jitter [12] and also was recently confirmed to
reach sub-fs regime experimentally [8], [9]. In this way, in the low (below 40 kHz in this work)
offset frequency range, the microwave phase noise is limited by the intrinsic timing jitter of mode-
locked laser. In the higher offset frequency, the achievable phase noise is often limited by the
optical-to-electronic conversion process [7], [13], [14]. When a standard ∼100-MHz repetition rate
fiber laser is used, residual phase noise floor from direct photodetection is typically limited to ∼
-140 dBc/Hz level [13], [15]. In addition, amplitude-to-phase (AM-to-PM) conversion from direct
photodetection can significantly degrade achievable microwave phase noise from mode-locked
lasers in the lower offset frequency range as well [7], [14]. To overcome this limit down to <-160
dBc/Hz, several techniques such as repetition rate multiplication [16], [17] have been recently
demonstrated. In this work, instead of direct photodetection, we used the flywheel effect of a
phase-locked loop (PLL) [18], [19] based on a high-resolution FLOM-PD [11] and a VCO with low
phase noise in the high (>1 MHz) offset frequency. The FLOM-PD is based on the electro-optic
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Fig. 1. Principle of ultralow phase noise microwave generation from a free-running mode-locked fiber
laser and a VCO phase-locked by a fiber loop optical-microwave phase detector (FLOM-PD). The
combination of (a) the optimized timing jitter performance in the mode-locked fiber laser, (b) the use
of FLOM-PD with -160 dBc/Hz level residual phase noise, and (c) the use of low phase noise VCO
enables the ultralow phase noise microwave generation.
sampling by a quarter-wave-biased Sagnac-fiber-loop, and the phase error between the optical
pulse train and the microwave signal applied to the phase modulator is converted to the intensity
imbalance between the two output ports from the Sagnac loop. It has recently achieved long-
term stable sub-fs-precision synchronization between an Er-fiber laser and a microwave VCO
with a low AM-to-PM conversion coefficient (0.06 rad/(△P/P0)). More detailed information on the
design and implementation of the FLOM-PD can be found in ref. 11. By lowering the residual
phase noise in the FLOM-PD and using a VCO with good phase noise performance in high offset
frequency, one can mitigate both the shot noise floor and the AM-to-PM conversion problems in
the optical-to-electronic conversion process, as illustrated in Fig. 1.
3. Experimental Setup
Figure 2 shows the schematic of the experimental setup. Two 78-MHz repetition rate, nonlinear
polarization rotation (NPR)-mode-locked, stretched-pulse Er-fiber lasers operating at close-to-zero
net cavity dispersion [8] are built and used as optical master oscillators for microwave generation.
From the hybrid coupler isolator inside the laser cavity (where the coupling port is located in
front of the isolator in a reflective manner, see the isolator symbol in Fig. 1), 6 mW (5 % of
intra-cavity power) is extracted and used for the microwave generation, repetition rates locking
between two lasers, and laser condition monitoring. For the absolute phase noise measurement
of the synthesized microwave signals, we built two almost identical fiber lasers and microwave
extraction systems. Repetition rates of the two independent lasers were locked to each other with
<400 Hz bandwidth using conventional direct photodetection and a frequency mixer. Therefore, we
can measure the absolute phase noise of the microwave signals above ∼1 kHz offset frequency.
After amplified to 25 mW by the Er-doped fiber amplifier, the optical pulse train is applied to the
FLOM-PD. In this work, instead of long-term stable synchronization purpose shown in ref. 11,
we used the FLOM-PD to reduce the absolute phase noise level of the generated microwave
signals to the -160 dBc/Hz level. A 10-GHz dielectric resonator oscillator (DRO), manufactured by
INWAVE AG, is used as the VCO in this work. The 10-GHz, +12 dBm microwave signal (the 129th
harmonic of the pulse repetition rate) from the VCO is amplified by a low-noise amplifier (Nextec-
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Fig. 2. Experimental setup for microwave signal generation and characterization
RF, NB00424) to the +21 dBm. After split by a 3-dB splitter, +18 dBm of 10-GHz microwave is
applied to the optical-microwave phase detector, and the other +18 dBm is applied to the out-of-
loop interferometric microwave phase noise measurement setup. By closing the PLL, the 10-GHz
VCO is phase-locked to the 78-MHz Er-fiber laser. To resolve ultralow phase noise of the VCO at
high offset frequency, we built and used an interferometric measurement setup using microwave
carrier suppression [20]. Note that the locking bandwidth between the two lasers (∼400 Hz) is set
to the minimal bandwidth that allows enough carrier suppression in the interferometric microwave
phase measurement.
4. Results
Figure 3 shows the measurement result of a single-sideband (SSB) phase noise at 10 GHz carrier
frequency. Curve (i) is the absolute phase noise of the phase-locked VCO to the mode-locked
Er-fiber laser. In order to evaluate the phase noise of a single system, the measured phase noise
was subtracted by 3 dB assuming the equal phase noise contributions from two almost identical
lasers and VCOs. In the 10 kHz − 40 kHz offset frequency range, this curve follows the -20
dB/decade slope, which indicates the random walk nature of the quantum-limited phase noise in
free-running mode-locked laser. At offset frequency lower than 10 kHz, the slope slightly increases
to ∼ -25 dB/decade, which seems to be caused by technical noise (such as acoustic noise) and/or
intensity-noise coupled jitter (such as by self-steepening effect) in the mode-locked fiber lasers. At
50 kHz, it reaches the phase detector resolution limit at ∼ -157 dBc/Hz (curve (ii)) caused by the
phase detector background noise. Outside the locking bandwidth (at ∼1 MHz), this phase noise
follows the free-running VCO phase noise (curve (iii)). As a result, we can take advantage of low
phase noise from the VCO in the high offset frequency where the phase noise of mode-locked
lasers cannot be transferred in the optical-to-electronic conversion process. The integrated rms
absolute timing jitter of the synthesized microwave signal is 1.5 fs when integrated from 1 kHz to 5
GHz (Nyquist frequency) offset frequency, and the white phase noise floor is below -180 dBc/Hz.
Note that the -185 dBc/Hz noise floor above 100 MHz offset frequency already contributes >1 fs
integrated jitter. For the 10 kHz − 10 MHz offset frequency ranges typically used for quoting timing
jitter in microwave generators for telecommunication and signal processing applications [10], the
integrated jitter is only 0.49 fs (rms). This sub-fs jitter level in microwaves is possible mainly due to
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Distorted by repetition rates
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Fig. 3. Absolute phase noise measurement results. Curve (i), Phase noise of the generated mi-
crowaves from mode-locked fiber lasers and locked VCOs, measured by an interferometric microwave
phase noise measurement technique. The absolute rms timing jitter integrated from 1 kHz to 5 GHz
(from 10 kHz to 10 MHz) offset frequency is 1.5 fs (0.49 fs). Curve (ii), Fiber-loop optical-microwave
phase detector (FLOM-PD) residual phase noise floor. Curve (iii), Phase noise of a free-running VCO
used.
the sub-fs-level jitter of optical pulse trains from mode-locked lasers, as the integrated jitter from
free-running VCO is ∼60 fs from 1 kHz to 5 GHz and the absolute phase noise is suppressed
by >30 dB by the laser in the <100 kHz offset frequency range, where the integrated jitter is
dominated.
Note that the phase noise increases with -20 dB/dec or higher in the lower offset frequency
because the mode-locked laser is a free-running oscillator. If necessary, one can lock the free-
running fiber laser to the commercial high-performance microwave sources (such as [10]) or
benchtop Rb frequency standards for better long-term phase stability in the <1 kHz range. Also
note that we recently demonstrated that the timing jitter of Yb-fiber lasers can be reduced down
to the 20-attosecond level [10 kHz − 94 MHz] by reducing the non-gain fiber length [21] and
a similar fiber laser design may be applicable to Er-fiber lasers in the near future, which will
enable further phase noise reduction in microwave signals extracted from the Er-fiber lasers. If
a similar performance laser is used, the projected achievable phase noise is -160 dBc/Hz at 10
kHz offset frequency for 10-GHz microwaves. Although we used a FLOM-PD for robust, long-term
stable phase-locking between the laser and the VCO with low AM-to-PM conversion coefficient,
we believe that one can also use different schemes of phase-locking as well, for example, based
on repetition rate multiplication [16], [17] and advanced direct photodetection techniques [22],
[23] with lower residual phase noise floor. By using fs-precision timing-stabilized fiber links [24], it
will be also possible to regenerate sub-fs absolute jitter microwave/RF signals at multiple remote
locations that are phase-locked to the optical pulse trains from femtosecond mode-locked lasers,
which will be particularly useful in the ultrafast electron sources, FELs, particle accelerators, or
distributed antennas/radars applications.
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5. Summary
For the first time to our knowledge, we have generated 10-GHz microwave signals from free-
running femtosecond mode-locked lasers with <-140 dBc/Hz phase noise level at 10 kHz offset
frequency and 1.5 fs [1 kHz − 5 GHz] (0.49 fs [10 kHz − 10 MHz]) integrated rms timing jitter.
We showed that, in the high offset frequency range (e.g., >1 kHz), well-designed free-running
mode-locked fiber lasers, assisted by an effective optical-to-microwave conversion method, can
achieve absolute phase noise performance that was only possible by cavity-stabilized sources
previously. We are currently also exploring the possibility of an additional fiber-based reference to
further improve the phase noise in the lower offset frequency range. Our approach has a unique
advantage that it can generate ultralow timing jitter optical pulse train and ultralow phase noise
microwaves simultaneously from a rack-sized instrument. In addition, they are phase-locked to
each other. This property is useful for many applications such as photonic ADCs, optical sampling,
timing and synchronization of FELs and ultrafast electron sources, where both low-noise optical
pulse trains and microwaves are necessary.
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